The objective of this paper is to investigate the performance of 8/6 switched reluctance motor (SRM) when excited with sinusoidal voltage. The conventional R dump converter provides DC excitation with the help of capacitor. In this paper the converter used is the modified R dump converter without DC link capacitor providing AC or sinusoidal excitation. Torque ripple and speed ripple are investigated based on hysteresis current control. Constant and sinusoidal current references are considered for comparison in both DC and AC excitation. Extensive theoretical and experimental investigations are made to bring out the merits and demerits of AC versus DC excitation. It is shown that the constructionally simple SRM can be favorably controlled with simple R dump converter with direct AC excitation without need for DC link capacitor. A 4-phase 8/6 0.5 kW SRM is used for experimentation.
Introduction
The switched reluctance motor (SRM) is the simplest and most efficient variable speed drive. It has high reliability and operates at very high speed. Generally SRM drives are excited with DC supply. AC voltage is rectified and smoothened by the DC link capacitor for DC excitation [1, 2] . The cost and performance of SRM drives are dependent on converter topologies and motor structure. There have been many converter topologies found in literature for the past two decades in order to meet the objectives such as faster excitation, faster demagnetization, high efficiency, and minimizing torque ripple and to draw minimum reactive power [3] [4] [5] [6] [7] [8] .
The single switch per phase converter like R dump, C dump [9] , bifilar, and split DC link is cost effective [10] . In C dump the energy is stored in the capacitor; hence the efficiency is high. But the need for bulky capacitor and inductor makes the converter cost increase and losses are also increased. The conventional asymmetric H bridge converter is also used for independent control of voltage and current but it has disadvantages like high cost, necessity for isolated gate drives, and a requirement for complex control system. The SRM is capable of providing unidirectional torque for bidirectional current; hence it can be excited with matrix converters [11] [12] [13] [14] . Sinusoidal excitation with overlapped phase currents is shown to reduce torque ripple and iron losses [15] [16] [17] . Single sided matrix converter with unidirectional current is shown to have the advantage of self-commutating in SRM [18] . Torque ripple can be minimized initially at the design stage itself and further by suitable control techniques. An inner current loop is introduced to have control over the torque. Hysteresis current control is the simple method but has the disadvantage of variable switching frequency, high current ripple, and consequent audible noise. PI/PID based fixed switching frequency control provides easier digital implementation with low current ripples and low audible noise, which show poor performance with varying operating conditions. Fuzzy logic, neural network, and adaptive and genetic algorithm based tuning of current shapes is shown to achieve fewer vibrations [19] [20] [21] [22] [23] .
The objective of this paper is to provide simple converter and control strategies for SRM to be operated with direct AC excitation with minimum number of switching devices and storage elements. SRM can be operated with bidirectional currents with direct AC excitation. This requires bidirectional switches increasing the complexity of the converter. Hence the configuration used in this paper for excitation is a full bridge diode rectifier followed by modified R dump converter without any capacitor at both the DC link and R dump circuit. This facilitates unidirectional sinusoidal excitation. Hysteresis current control is employed with DC and sinusoidal current references. Performance of the machine is analysed in terms of torque ripple, speed ripple, and total harmonic distortion (THD) at the input. Theoretical and experimental investigations are made and the relative merits and demerits of sinusoidal versus DC excitation are brought out. This paper is organized as follows. Section 2 explains the conventional and modified R dump converter topology. Section 3 provides dynamic modeling of the proposed drive system. Performance analysis of the SRM under DC and AC current references is discussed in Section 4. Experimental setup is discussed in Section 5 to show the effectiveness of the proposed converter. Section 6 concludes this paper.
Converter Topology
The conventional and modified R dump converters are shown in Figures 1 and 2 . The only difference is the absence of two capacitors 1 and 2 . Capacitor 1 provides filtered DC to the conventional controller and capacitor 2 helps in utilizing the regenerative power from the phases. The converter has one transistor and one diode per phase of the SRM drive. The converter is fed from an AC supply with full bridge rectifier along with a DC link capacitor. When switches are turned on, the phase windings are excited. When switch ( 1 ) is turned off, the current freewheels through 1 , charging the DC link capacitor ( 1 ) as well as the dump capacitor ( 2 ), and later flows through the external resistor R. This resistor partially dissipates the energy stored in phase A. However, it has the disadvantage that, the current in phases will take longer time to extinguish when compared to recharging the source. The energy, in addition, is dissipated in a resistor; hence overall efficiency of the motor drive reduced.
The performance of SRM is investigated with a full bridge rectifier and a utility AC supply which is shown in Figure 2 . The bulkier DC link capacitor is removed. The utility sinusoidal supply is rectified and applied to the converter. The converter is now compact and weighs less.
Dynamic Model of the Proposed Drive Topology
The functional block diagram of the proposer SRM drive is shown in Figure 3 . At any given instant of time one of the phases will be excited based on the ON and OFF specifications. The excited switching device of the preceding phase will be put to off condition. This leads to the situation where both the incoming and outgoing phases will carry current. The dynamic model of the drive can be derived based on the equivalent circuits shown in 
where ph is the phase voltage, is the resistance of the modified R dump converter, and −1 represent the resistances of the respective phases, and is the source resistance. Let and −1 represent the flux linkages of the two phases as given by
where represents the self-inductance of the phases and , −1 represents the mutual inductance between the phases.
Since SRM are characterized by concentrated winding, the mutual inductance is negligible. The developed torque equation and torque balance equations are given by
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where 0 and 1 are functions of average and difference of aligned and unaligned inductances, respectively, is the number of rotor poles, is the phase shift between the phases, and is a constant chosen to represent saturation. Additional equations to be described in the presence of capacitors of the R dump are given by
Let the supply voltage be defined as follows:
where mag(⋅) means the magnitude of the variable. Using equations (1)- (6) the switching model of the SRM is simulated for the converters with and without DC link capacitor.
Performance Analysis
The simplest control for SRM can be the fixing of ON and OFF at constant value with hysteresis current control. The fixing of ON and OFF constant can be easily implemented with the help of optical sensors used for switching the phases. This will ensure continuous torque development from the phases consecutively one after the other. Hysteresis current control can be easily implemented with the help of hysteresis comparator.
The specification of the machine and the drive is given in Table 1 . Control part is implemented through hardware in loop. Commutation pulses are generated based on the information from position sensor which is acquired through a National Instrumentations Data Acquisition (NI DAQ) card PCI 6251. Components of the modified R dump converter with necessary isolation and gate drivers used to commutate the phase current are given in Table 1 . Hall effect current and voltage sensors are used for measuring the active phase voltage and current, respectively. The experimental setup is discussed in Section 5 based on which the performance analysis is done.
Performance of the SRM is analysed both theoretically and experimentally for two cases, namely, Case (i) DC and AC excitation with constant current reference and Case (ii) DC and AC excitation with sinusoidal current reference. The DC excitation considered in this paper is equivalent to the use of conventional R dump converter shown in Figure 1 . The AC excitation referred to is equivalent to the use of modified R dump converter as shown in Figure 2 . The rotor position is sensed with two optical sensors providing pulses for every 15-degree mechanical angle which is equal to the shift between the phases. The pulses obtained from the position sensors are used as ON The phase currents and developed torque waveforms for the DC excitation are given in Figure 6 . The current reference is set as 0.5 A with a hysteresis band of 10%. Switching is done at this band level. The torque waveform shows discontinuity due to small value of current reference. Figure 7 shows the phase currents and developed torque waveforms of the modified R dump converter. The current waveform shows dips due to the magnitude variation in the supply voltage. The torque waveforms show less switching and the small peaks are at the zero crossing of the supply. Based on the current profile it may be seen that the DC excitation is having high torque ripple compared with sinusoidal excitation. The torque waveform shows a sharp peak due to which the ripple is higher. However in sinusoidal excitation the torque ripple is less. The smaller peaks are due to the zero crossing of the supply. But the average torque is high for AC excited SRM that can very well be seen in the tabulated values.
The values of average speed, speed ripple, average torque, and torque ripple are listed in Tables 2 and 3 . It is found that the torque ripple is high at lower current reference and it can be reduced by keeping the current as high value. The speed ripple has also shown large value for smaller current reference. It is also observed that compared to DC excitation the sinusoidal excitation provides high average values for the torque and speed. In sinusoidal excitation ripples are also less significant when compared with the DC excitation. This is mainly due to the continuous excitation from the supply.
The SRM is tested for various current references, with different voltage magnitudes and the performance factors being tabulated. Table 4 shows the performance parameters of SRM which is excited with 100 V sinusoidal supply. As the reference current value is increased from 0.6 A to 1.5 A, it is observed that the speed ripple, torque ripple, and THD are reducing. At higher voltages the performance of the motor is improved. The power factor is also improved. The large harmonic distortion will lead to high losses and less efficiency. Due to the modified converter, current harmonics decrease with the increase in current reference which has reduced losses. Hence the efficiency of the drive is also improved.
By keeping a single DC current reference and varying the applied voltage the observed motor performance factors are tabulated in Table 5 . It is found that the speed ripple, torque ripple, and THD are more as the voltage increased. The power factor is also poor.
Case (ii) DC and AC Excitation with Sinusoidal Current
Reference. With the same AC excitation the conventional and modified R dump converter configurations are chosen as given in Figures 1 and 2 . The supply voltage and current waveforms for the modified converter configuration are 6 The Scientific World Journal The Scientific World Journal 7 shown in Figure 8 . The sinusoidal current reference is fixed at a magnitude of 0.5 A.
To reduce iron losses it is preferred to have the currents be sinusoidal. Hence the analysis is repeated with sinusoidal current reference at both DC and sinusoidal excitation. The phase currents and developed torque of the SRM, under sine current reference with conventional and modified converter, are shown in Figures 9 and 10 . Due to the current profile in DC excited SRM more torque ripples are observed. Tables 6 and 7 present the average speed and average torque of the SRM when excited under DC and sinusoidal supply. It is found that the ripples in DC are high when compared with sinusoidal excitation. At high current reference the machine shows a good performance. Since the applied voltage magnitude is varying, the phase currents are also varying which provides more ripples in the torque profile. In spite of this, the required speed is achieved.
The machine performance based on power factor and THD is also obtained by exciting it with 100 V supply and various current references which are tabulated in Table 8 . It is found that power factor is improved as the current reference is increased. It has also been observed that the current harmonics are reduced; hence the iron losses are reduced. The acoustic noise was also observed to be less in sinusoidal excitation which is not quantified.
The supply current is highly distorted due to the switching of the converter switches. Because of this the power factor is becoming poor and produces high harmonics. The supply current contains only third harmonics; hence lower iron loss is expected. The phase current waveform for a constant current reference of 0.5 A is shown in Figure 11 . To have more understanding over the phase currents the phase B current alone is shown in Figure 12 . to limit the freewheeling current. The power dissipated on the dump resistor is high at lower speeds of the drive. Suitable circuits are presented in the literature to retrieve the power. The choice of power components is listed in Table 1 . 
Experimental Setup

System Configuration.
Control part is organized through hardware in loop model. Commutations pulses are generated based on the information from position sensor which is The Scientific World Journal 11 acquired through a National Instrumentations Data Acquisition (NI DAQ) card PCI 6251. An R dump converter with necessary isolation and gate drivers are used to commutate the phase current. Hall effect current and voltage sensors are used for measuring the active phase voltage and current, respectively. Hardware implementation of the modified R dump converter and its components are shown in Figures 13 and 14 , respectively. The storage oscilloscope is used to capture the various waveforms. The current probe is used to measure the phase currents as well as the supply currents.
Conclusion
The electromagnetic performance of an 8/6 SRM with DC and sinusoidal excitation is investigated in terms of torque capability, torque ripple, average speed, and speed ripple. The standard single phase full bridge is employed to make unidirectional current flow in SRM phases. The DC link capacitance is removed which makes the converter weigh less and be cost effective. Lower torque and speed are observed in DC excitation. The iron loss with sinusoidal excitation is significantly reduced due to less current harmonics at high current reference. Thus the efficiency will be high at high speed. The modified converter can be used for fan type loads.
